Abstract
Introduction

41
Production of aromatic compounds at present is mainly based on utilization of petroleum 42 resources, which often brings about economic, environmental and sustainability concerns. 43 Microbial biosynthesis has been developed as a viable method for converting renewable feedstocks 44 to a wealth of aromatic products, offering an alternative approach for effective production and thus 45 reducing the reliance on the use of petroleum. To date, significant success has been achieved for with one module of the entire pathway. As a result, it facilitates the reduction of the metabolic 53 burden on the recruited microbial strains, which has been considered to a major challenge 54 metabolic engineering [6] . In addition, balancing of the biosynthesis strengths between individual 55 pathway modules harbored by the corresponding co-culture strains can be achieved by 56 straightforward manipulation of the strain inoculum ratio, offering an effective way for addressing 57 the need of pathway balancing [5, 7] . To date, the modular co-culture engineering approach has 58 been utilized for production of a variety of biochemicals ranging from simple biofuel molecules 59 to complex natural products [5, 8, 9] .
60
In the present study, we designed and constructed E. coli-E. coli co-cultures for producing 3-61 hydroxybenzoic acid (3HB) from renewable and abundant carbon substrate glycerol [10, 11] . 3HB 62 is structurally similar to 2-hydroxybenzoic acid, the key component of aspirin. It has been found used for synthesis of industrially important chemicals such as polymer, herbicide and plasticizer 66 [17] [18] [19] [20] . 3HB biosynthesis using the mono-cultures of engineered E. coli and C. glutamicum has 67 been reported, both of which utilized glucose as the carbon substrate [21, 22] . For this study, we 68 chose to use glycerol as the pathway substrate for 3HB bioproduction for a few reasons. First,
69
glycerol is an important byproduct of the biodiesel industry and there has been increasing interest 70 in using glycerol for microbial biosynthesis applications. To this end, 3HB bioproduction on 71 glycerol has not been reported before. Moreover, there are relatively few studies using glycerol as 72 the carbon substrate for co-culture engineering, which leaves extensive unexplored areas for 73 further investigation.
74
The 3HB biosynthetic pathway is illustrated in Fig. 1A 
Materials and Methods
86
The chemicals and culture medium used in this study were purchased from Sigma-Aldrich (St. Analytical method for 3HB quantification
132
To quantify 3HB, 1 mL culture samples were centrifuged at 13,000 rpm for 5 min. temperatures, the engineered co-culture showed higher production than the mono-culture. For both experiments. To our knowledge, this is the first report utilizing glycerol as the carbon substrate for 165 biosynthesis of value-added 3HB using the engineered E. coli mono-culture and co-culture.
166
Next, the 3HB biosynthesis by the PUN1:BDZ1 co-culture was optimized by changing the considerably potentials for wider application in the broad field of microbial biosynthesis.
185
To further improve 3HB biosynthesis, a new co-culture PUN2:BDZ2 was constructed in showed slightly compromised DHS production and improved DHS uptake capabilities, 213 respectively (Fig. S1 ). Also, these strains' glycerol uptake rates did not show significant difference 214 from the co-culture strains constructed early on (Fig. S2 ). The PUN3:BDZ4 co-culture was then 215 grown in the glycerol medium for 3HB biosynthesis. As shown in Fig. 2C , the 3HB concentration 216 and specific production both varied depending on the inoculum ratio between PUN3 and BDZ4.
217
Importantly, the 3HB concentrations at all tested inoculum ratios were increased to different levels, this strategy resulted in 229 mg/L 3HB production after the inoculum ratio optimization, which was significantly higher than the previous mono-cultures and co-cultures. Notably, compared with 223 the previous co-cultures, the optimal inoculum ratio of PUN3:BDZ4 was shifted to 1:1. This 224 finding showed that the modification of the pathway genes expression strategy altered the relative 225 biosynthetic capabilities of the corresponding co-culture strains and thus changed the optimal 226 strain-to-strain ratio for 3HB bioproduction. Compared with the inoculum ratio, the endpoint 227 strain-to-strain ratios showed dramatic changes at the end of the co-culture cultivation (Table S1 ).
228
Interestingly, the observed endpoint ratios converged to the range between 1.2:1 and 0.2:1, which 229 is much smaller than the inoculum ratio range. This finding suggests that the co-culture strains'
230
growth competitions under different starting situations eventually stabilized at a similar level.
231
We then investigated the influence of IPTG induction timing on 3HB production using the 232 PUN3:BDZ4 co-culture inoculated at the ratio of 1:1. In fact, it was found that the use of IPTG to 233 induce strong gene expression could generate a negative impact on cell growth (Fig. S3) . On the 234 other hand, although adding the inducer, e.g. IPTG, at the beginning of cultivation is a convenient 235 and straightforward way for initiating pathway gene expression, it may not be necessarily the best 236 strategy for maximizing the bioproduction. As shown in Fig. 2D , early induction at the beginning 237 of the co-culture cultivation was found to be a sub-optimal strategy for 3HB biosynthesis. As the 238 induction timing was delayed to 2 and 4 h, the 3HB concentration gradually increased. Further 239 delay of the induction timing to 6 and 8 h resulted in reduction of the bioproduction performance.
240
The highest production of 294 mg/L achieved at 4h induction was 5.3-fold higher than the original 241 mono-culture strain PMH1 constructed for 3HB biosynthesis. The specific 3HB production also after the cultivation. The endpoint strain-to-strain ratios were measured by using a blue-white 419 colony differentiation methods described previously [25] . The upstream strain PUN3 did not 420 have the lacZ gene, whereas the downstream strain BDZ4 had an intact chromosomal lacZ gene.
421
These two strains showed white and blue colonies on the X-gal plates, respectively. 
